Heat in phononic crystals (PnCs) are carried by phonons, which can behave 13 coherently (wave-like) or incoherently (particle-like) depending on the modes, 
when scattered by nanoscale roughness and disorders. Therefore, room temperature In fact, the large contribution of low frequency coherent phonons suggests that more 70 detailed discussion should be given to their relaxation time. Indeed, for low frequency 71 phonons at room temperature, the consideration of only three-phonon scattering 72 mechanism is not sufficient. Experimental measurements and theoretical works have 73 shown that relaxation time of low frequency phonons (sound waves) is dominated by 74 Akhiezer damping rather than three-phonon scattering mechanism (Landau-Rumer 75 theory) in a variety of bulk materials [14] [15] [16] [17] [18] [19] . The mechanism of Akhiezer damping is 76 a coupling of strain of sound waves and thermal phonons: sound wave strain disturb the 77 local occupation of thermal phonons whose frequencies depend on strain, and the 78 thermal phonons then collide with one another, returning the system to local thermal 79 equilibrium as energy is removed from the sound waves [15] . Such mechanism should 80 also affect relaxation process of coherent phonons in PnCs, which have frequencies 81 within sub-terahertz range, and are basically sound waves. Since the original work of 82 Akhiezer, the mechanism of Akhiezer was found to be important for the absorption of 83 sound waves, as well as for energy dissipation in mechanical nanoresonators [20, 21] , 84 however, few studies have noticed its importance in the field of heat conduction.
85
In this work, we show that Akhiezer mechanism plays an important role in heat 86 conduction for low dimensional materials like PnCs. We theoretically illustrate that
87
Akhiezer mechanism significantly reduces contribution of coherent phonons to thermal 88 conductivity of PnCs at the temperature regime from 130 K-300 K to the extent that it 89 becomes intrinsically small even when there is no roughness, thus, properly answered 90 the question that why the thermal conductivity of PnC can be explained by only 91 considering scattering of incoherent phonons.
92

Ⅱ. THEORY FOR THERMAL CONDUCTIVITY OF COHERENT
93
AND INCOHERENT PHONONS
94
The total thermal conductivity κTotal of thin film and PnCs includes contributions of 95 both coherent (κcoh) and incoherent phonons (κinc), which is expresses as [22] :
97
where ωs is the upper frequency bound of the coherent regime, in other words, the 98 switching frequency between the coherent and incoherent regimes.
99
We calculate the contribution from incoherent phonons (κinc) of thin film and PnCs 100 based on the kinetic theory, which is expressed as: 
where u is the displacement vector, ρ = 2329 kg m -3 is the mass density of silicon crystal, 116 λ = 69.3 and μ = 81.3 GPa are the Láme parameters of silicon crystal.
117
As discussed in Section I, relaxation of coherent phonons is expected to take two 118 forms: three-phonon scattering mechanism (Landau-Rumer theory) and Akhiezer
119
damping. Relaxation time due to three-phonon scattering mechanism is approximated 120 by Klemens model, which is widely used and validated [24, 25] :
where T is the temperature, and B is a constant often quantified empirically.
123
It should be noted that Landau-Rumer theory is also based on the concept of three- We considered a 2D silicon thin film with periodic cylindrical holes, which is the 148 most frequently studied representative PnC [3] ( Fig. 1(a) ). The height t, width w, and group velocity ( Fig. 1(c) 
178
Here, in Fig. 2(a) , by comparing experiment data with our calculation, we observed that 179 the transition is take place at ~200 GHz for 200 K-300 K, and ~100 GHz for 130 K.
180
Now that the calculation is validated, we obtained relaxation time of acoustic 181 branches (<12 GHz) for PnCs, as plotted in Fig. 2 Fig. 3(a) ). The proportion of κcoh in κTotal becomes even larger for PnCs due to larger 218 density of states, which will be shown in the later discussion. At 300 K, κcoh of PnC is 219 9. 130 K, and the proportion of κcoh in κTotal is less than 1%, which indicates that κcoh is 229 negligible in both thin film and PnC for 130 K-300 K (Fig. 3(b) ), and that κTotal is almost (Fig. 4) damping, κcoh for PnC is larger than κcoh of thin film ( Fig. 3(a) ), even phonon group 252 velocity is larger for thin film (Fig. 1) . This is because D(ω) of acoustic phonon (< 12
253
GHz) in PnCs is four times larger than D(ω) of acoustic phonon in thin film, which 254 would lead to severer overestimation κcoh for PnC.
255
The conclusion for Section Ⅲ is that, although the existence of a 2-nm surface 256 roughness makes the coherent regimes very small (0-0. (Fig. 1(c) ), and bulk phonon density of states (Fig. 4) , respectively. The latter 295 approximation is based on the observation that density of states of PnCs and bulk crystal 296 are roughly the same for frequencies above 0 (Fig. 4) . Then, the switching-frequency 297 dependent κcoh(ωs) of PnCs or thinfilm can be expressed as:
where κ0 is the contribution of coherent phonons with frequencies between 0 and 0, 300 and the second term represents contribution of coherent phonons with frequencies 301 between 0 and s, where vav(ω) is the averaged group velocity and Dbulk(ω) is the bulk 302 phonon density of states.
303
For thin film and PnC at 300 K (Fig. 5(a) and Fig. 5(c) ), the maximum coherent 304 regime is determined as 0-3.0 THz. We found that κcoh of both thin film and PnC are 305 negligible when compared to κinc even ωs reaches its maximum (3 THz). The results
306
indicate that κcoh contributes a very small proportion of κTotal for both thin film and at 307 300 K, even there is no roughness effect. This is because of two reasons: one is that
308
Akhiezer damping significantly reduces relaxation time of phonons in the Akhiezer 309 regime (<0.2 THz for 300 K, Fig. 3(b) ), and the other is that the group velocity of 310 phonons in three-phonon-scattering regime (0.2 THz-3.0 THz, Fig. 3(b) ) is small due 311 to phonon bandgaps that are caused by the folding effect. As a result, contributions of 312 phonons within the whole coherent regime are limited.
313
As temperature decreases to 130 K (Fig. 5(b) and Fig. 5(d) ), the maximum value of 314 ωs increased to 4 THz, and Akhiezer damping is weakened due to a reduction in thermal 315 phonons population. Therefore, relaxation time of coherent phonons increases (Fig. 2 
319
1 K -1 when ωs reaches to its maximum (4 THz). This is because group velocity of three-320 phonon scattering regime (0.1 THz -4 THz for 130 K) is larger than that of PnC (Fig.   321   1) . However, the proportion of κcoh in κTotal is still small (<8%). We also noticed that for 322 both thin film and PnC, sub-THz phonons contributes to the most part of κcoh, and 323 above-THz coherent phonons does not contribute much to κcoh due to their small group 324 velocity and relaxation time ( Fig. 1(c) and Fig. 2 ).
325
Taking the most extremely case (no roughness) as an example, a comparison of 326 thermal conductivity of thin film and PnC with two different relaxation time τ models 327 at 130 K and 300 K is shown in Fig. 6 . The discussion here is similar with Section Ⅲ(C).
328
The coherent part, κcoh can contribute a large part of κTotal when without considering
329
Akhiezer damping. In thin film, κcoh can contribute about 11.2% and 28% of κTotal for 330 300 K and 130 K, respectively. For PnC, contributions of κcoh can even reach to 56% at 331 300 K and 85% of κTotal. However, Akhiezer damping can reduced the proportion to less 332 than 2% for PnC at both 300 K and 130 K, and for thin film, the proportion is less than 333 2% at 300 K and around 8% at 130 K. The value of the proportions here is a litter larger 334 than that in Section Ⅲ(C), however, it is still small. Therefore, we can conclude that 335 the coherent phonons contribution κcoh to the total thermal conductivity κTotal for both 336 thin film and PnC is very small even there is no roughness, or the κTotal for both thin 337 film and PnC can be explained by the contributions of incoherent phonons.
338
Finally, it should be noted that currently our calculation here cannot deal with the 339 cases for temperatures that below 130 K. The reason is that Ahkiezer mechanism, as 340 original developed, only valid at high temperatures, however, up to date, the exact valid 341 temperature regime is not known. We can extend our calculation to 130 K because the 342 experimental measurements match with theoretical calculations (Fig. 2) 
